Abstract. Traumatic brain injury (TBI) commonly results in residual memory difficulties. Such deficits are amenable to cognitive rehabilitation, but optimal selection of rehabilitation interventions remains a challenge. We hypothesized that diffusion tensor imaging (DTI) could be used to predict which individuals were likely to benefit from a specific memory rehabilitation intervention. Thirty-seven individuals with TBI, of all severities, first underwent DTI scanning, along with 18 matched controls. Participants with TBI then attended a 12-session memory intervention emphasizing internal memory strategies (I-MEMS). Primary outcome measures (HVLT, RBMT) were collected at the time of DTI scanning, and both immediately and one month post-therapy. In contrast to typical neuroimaging analysis, fractional anisotropy (FA) was used to predict long-term outcome scores, adjusting for typical predictors (injury severity, age, education, time since injury, pretest score). FA of the parahippocampal white matter was a significant negative predictor of HVLT, while the anterior corpus callosum, left anterior internal capsule, and right anterior corona radiata were negative predictors of RBMT outcome. The importance of these predictors rivaled those of pretest scores. Thus, FA measures may provide substantial predictive value for other cognitive interventions as well. The reason why higher FA was associated with less successful response to cognitive intervention remains unclear and will require further study.
Introduction
Despite a wide variety of causes of traumatic brain injury (TBI) and the potential for a broad spatial distribution of injury [36] , TBI has commonly been associated with prototypical anatomical injuries and func-tional deficits. Anatomical injuries typically include traumatic axonal injury (TAI), focal contusions in frontotemporal areas, and damage in regions particularly vulnerable to excitotoxicity [45] . Behaviorally speaking, the long-term functional consequences of TBI include consistent deficits in memory, attention, and in tasks relying heavily on executive functioning [12, 13, 35] . Quantitative brain measures have been suggested as a useful approach to investigate the contribution of specific brain regions to functional deficits [8] . Diffusion tensor imaging (DTI), based on magnetic resonance imaging (MRI), has been widely regarded as a promising candidate in both mild and more severe TBI, in large part because of its high sensitivity to microstructural alterations in white matter [1, 8, 30, 77] . A variety of distinct measures can be generated from DTI scans, including the apparent diffusion coefficient (ADC), fractional anisotropy (FA), oriented diffusivities, and various measures based on fiber tract tracing methods [3] . The most common DTI measure is fractional anisotropy (FA), which provides a single-number summary of the diffusion tensor of data at each voxel. FA values range between 0 and 1 and represent how "directional" water can diffuse within that voxel or region. Non-directional diffusion (as in a glass of water or a ventricle) would provide an FA = 0. In cases where all water is restricted to diffusing in a single direction, FA = 1. Myelinated axons provide substantial barriers to water diffusion and hence in major fiber bundles FA is high (e.g., in the corpus callosum, FA ≈ 0.80), whereas in the ventricles FA is low (0.05 or less).
Interest in DTI imaging of individuals with TBI has grown dramatically in recent years. To date, the various diffusion measures have been used to assess three main types of questions. The first question relates to what sorts of white matter changes occur following TBI. Numerous studies have demonstrated widespread decreases in FA in individuals with TBI versus controls, particularly in midline, frontal, and temporal regions, most often in severe TBI [7, 49, 67, 70, 75, 77] . However, some studies have reported increased FA. This begs the second type of question, namely how do white matter changes evolve over time. Wilde et al. [73] found increased FA in children with mild TBI less than six days post-injury. Two studies have found that FA in frontal and temporal tracts decreased between a few weeks post-injury and a year post-injury in individuals with severe TBI [6, 22] . Sidaros and colleagues found both increases and decreases in FA between 8 weeks and 12 months following severe TBI, proposing possible regrowth of axons in this period to explain the FA increases [51] . In the corpus callosum, a significant reduction in FA was identified in the corpus callosum between one week and six months post-injury specifically in the four patients with the worst outcome [32] .
The third line of questioning is whether white matter changes are related to current cognitive status or can predict general clinical outcomes. Numerous studies have demonstrated relationships between the extent of neuroanatomical injury and general TBI outcome [2, 4, 25, 28, 44, 72] . Studies of white matter have found correlations between overall white matter disruption and general clinical outcome [38, 44, 64, 67, 68] , between FA and concurrent WAIS, Trails and Wechsler Memory Scale [62] , between FA in the cerebral peduncle and the 1-year Glasgow outcome scale [51] , between FA and concurrent cognitive processing speed,interference resolution and global outcome [31] , as well as positive correlations between FA and both working and declarative memory measures [43] . Generally speaking, more severe injury is associated with worse outcome and poorer performance on neuropsychological and cognitive tests, although there are notable exceptions [23, 51] .
Less well understood, however, is the relationship between neuroanatomical injury and outcome of a specific rehabilitation intervention. Information is particularly limited in people with chronic TBI, where substantially fewer clinical rehabilitation studies have been conducted, perhaps due to typical reimbursement processes. TBI rehabilitation interventions have been shown to help improve memory and executive function [13] , attention [27] , community integration [14] and functional outcomes [21] . Individual variation in outcome is notable. However, very little research has been performed to predict outcomes from specific rehabilitation interventions prior to their initiation, and no neuroimaging results have been reported in this domain.
In our previous studies of chronic TBI, we showed that both task-related brain activation and regional brain volumes provide value for predicting memory rehabilitation outcome [59, 60] . However, no prior studies have examined the ability of DTI-related measures to predict outcome from a TBI rehabilitation intervention. We therefore sought to test whether a key measure of white matter integrity (FA) derived from DTI scans could predict outcomes from a TBI memory rehabilitation intervention. Our rehabilitation intervention was the I-MEMS protocol, designed to improve participants' memory by training individuals to use internally-based semantic association and related strategies [41] .
Previously published DTI analysis approaches have generally fallen into one of three categories. The first involves region-of-interest (ROI) analysis in which an operator manually outlines (or, in some cases, uses an atlas to define) specific regions in each individual [28, 75] . Summary statistics are then computed for each region in each individual, which can be used in group statistical analysis. Second, fiber tractography has been utilized to measure the integrity of white matter tracts [62, 71] . This also requires a process for defining ROIs, but provides a slightly less operator-dependent way to assess the connectivity between or passing through given ROIs, as well as computing FA or ADC. A third approach is voxel-based analysis of whole-brain data, typically examining FA or ADC values [43, 49] .
Voxel-wise analyses do not require an operator and hence are minimally affected by analyst bias. However, a well-recognized challenge in voxel-wise FA analysis is the difficulty in co-registering FA maps across individuals [53] . White matter tracts are highly variable from subject to subject, and small errors in alignment can result in misleading findings. Such errors are likely exaggerated in patient populations with structural brain alterations (e.g., severe TBI, stroke). One way to address this limitation is tract-based assessment, as with FSL's Tract Based Spatial Statistics, TBSS [53] . In TBSS, FA maps for all individuals are first aligned reasonably closely via a non-linear warping algorithm. Then, to compensate for any residual errors in registration, the center of tracts are identified and the maximal FA value perpendicular to that tract is projected onto the tract. In this way, the peak FA from an offcenter (or mis-registered) tract from one individual is "pulled" back to the main tract to improve comparison with other subjects [53] . TBSS can thus provide a more robust method for alignment of FA maps in groups that include structural brain injury.
Once such alignment is complete, previous studies have sought to explain the DTI data in terms of demographic or functional variables (e.g., age, Glasgow Coma Scale score, injury severity, and so on). In contrast, when selecting rehabilitation interventions the question of interest is whether DTI data can predict the outcome from a yet-to-be-implemented intervention. This requires using the DTI data as a predictor in modeling, rather than as an outcome variable. For whole-brain (voxel wise) analysis, existing neuroimaging packages are not designed to perform this type of computation. Therefore, we implemented a novel approach using whole-brain FA maps to investigate the regional specificity in the ability of FA to predict rehabilitation outcomes from our I-MEMS therapy.
Materials and methods

Participants
Participants with TBI were recruited via mailings to clients of the Massachusetts Rehabilitation Commission's Brain Injury and Statewide Specialized Community Services, members of the Brain Injury Association of Massachusetts, local support groups, and to patients of study-affiliated physicians. Some 58 individuals were initially enrolled, following a procedure approved by the Human Research Committee at the Massachusetts General Hospital. All participants (1) were at least 18 years of age at the time of injury, (2) had sustained a TBI of any severity at least 12 months prior to the study, (3) were right-handed [42] and fluent in English, and (4) self-reported as having difficulty with memory following their injury. Exclusion criteria included a score of less than 4 on either the expression or comprehension items of the FIM, non-traumatic etiology of cerebral dysfunction in addition to TBI, active major illnesses, pre-injury history of psychiatric disease, inability to read single words at an eighth-grade reading level, and current drug or alcohol dependence (criteria from the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition).
From this group, the first 16 subjects underwent only a limited (6-direction) DTI data collection protocol and hence were excluded from further analysis. Data was also excluded from four individuals who failed to complete at least 8 of 12 memory intervention sessions and/or return for post-testing. Finally, technical difficulties for one participant's scans led to insufficient image quality to attempt analysis. We proceeded to analyze the remaining 37 participants with TBI (11 female, 26 male).
In addition, a group of 21 healthy, right-handed control participants was matched to the participants with TBI. In two controls, we were unable to complete the scanning procedure. Technical issues with the scanner precluded saving data from a third, so we proceeded with analysis of n = 18 controls. Demographic information for both study groups appears in Table 1 , and injury and severity information for participants with TBI appear in Table 2 .
These same participants were part of a larger TBI Model Systems research project, for which publications on related topics have appeared previously [41, [57] [58] [59] [60] .
Experimental procedures
The study consisted of 16 separate sessions, as described previously [59] . To summarize, Session 1 involved a battery of standard neuropsychological tests of memory, executive function, and language. Tests included Hopkins Verbal Learning Test-Revised (HVLT-R), the Rivermead Behavioral Memory Test (RBMT-II), the Boston Naming Test (BNT) 2nd Edition Short . In Session 2, approximately three days later, each study participant underwent MRI neuroimaging,including structural, diffusion, and functional scanning, described in more detail below. Sessions 3 through 14 were memory intervention sessions led by one of the investigators. This intervention emphasized internal memory strategy training and were designed around evidence-based approaches [41] . We utilized a group intervention with 3 to 6 members per group cycle and 2 to 3 group facilitators. Each group cycle ran twice weekly for 6 weeks, 90 minutes per session, for a total of 12 sessions. Sessions emphasized semantic association and other internally based strategies (e.g., elaboration and imagery) from encoding, storage, and retrieval perspectives. Session 15 (posttest 1) was conducted within 3 days after the final memory intervention session and repeated all of the tests from session 1 except for the BNT and BDAE.
Session 16 (posttest 2) was conducted 1 month following session 15 and again repeated the same tests. No MRI scanning was performed at either posttest session. Forms of the various tests were counterbalanced across participants and sessions. Pre-and posttest evaluations were conducted by different individuals, with regular cross-validation of test administrators.
Outcome variables, measured at pretest and both posttest time points, included the HVLT-R [10] and the RBMT-II [76] . The HVLT was a primary outcome because it is widely used, it emphasizes semantic association memory (a focus of the I-MEMS intervention), and it has multiple parallel versions to help minimize practice effects. The RBMT was used as an ecologically valid, broad measure of impairment in everyday memory functioning, also with multiple forms for repeated testing.
MRI data acquisition
All MRI was performed with a Siemens Avanto 1.5 Tesla scanner with 8-channel Tim head-coil. Two MPRAGE sequences were collected for high-resolution anatomy (TR = 1.91 s, TE = 4.13 ms, TI = 1.1 sec, flip angle = 15 deg, 120 slices, matrix 128 × 128, 1 × 1 × 1 mm resolution). We then performed a single DTI scan (30 directions, low-/high-b = 0, 1000 s/mm 2 , TR = 5.0 s, TE = 84 ms, 23 slices, 1.7 × 1.7 × 5.0 mm voxels). Functional MRI and clinical scans (T2-weighted, FLAIR and hemosiderin) were also collected, the results of which are treated in separate publications.
Data analysis
Neuropsychological tests were scored per respective standards. The two rehabilitation outcome measures we considered were (1) the HVLT delayed correct recall score (range: 0-12), and (2) the RBMT total standardized profile score (range: 0-24). Injury severity was categorized as mild, moderate or severe based on a method used in our previous studies [59] . Briefly, 85% of cases were based on duration of loss of consciousness (LOC) [16, 26, 47] , where mild was 0-30 min LOC (unless post traumatic amnesia exceeded 24 hours); moderate was 30 min< LOC 24 hours, and > 24 hours LOC was designated severe. In the absence of LOC data, the determination was made based on Glasgow coma scale scores, where < 9 = severe, 9-12 = moderate, and 13-15 = mild [26, 63] .
Voxelwise statistical analysis of the DTI data was carried out using the TBSS package [53] from FSL v4.1.2 [54] . First, FA images were created by fitting a tensor model to the raw diffusion data using FSL's FDT. These images then were resliced to 2 × 2 × 2 mm resolution using sinc interpolation, eddy corrected, and brain-extracted [52] . All subjects' FA data were smoothed with a 5mm FWHM kernel (consistent with the largest acquisition dimension) and aligned into a common space using FSL's nonlinear registration tool FNIRT, which uses a b-spline representation of the reg- Fig. 1 . Example DTI FA analysis process for a participant with TBI using the FSL-TBSS pipeline. FA maps were generated via FSL and resliced to 2 mm isotropic voxels (left), and then were non-linearly aligned to one another (center). To improve inter-subject alignment, a mean FA skeleton was generated from all participants (black lines, right) onto which the maximum FA values from the surrounding tracts were projected, to improve inter-subject alignment.
istration warp field [46] . Next, results were manually examined for qualitative failures to normalize or register the FA images. No such failures were observed. The mean FA image across all 55 subjects was computed and thinned to create a mean FA skeleton, representing the centers of all tracts common to the group. Each subject's warped FA data was then projected onto this skeleton for final alignment [53] . The resulting skeleton maps (one per subject) were used for voxelwise between-subject analyses as described below.
Cross sectional and severity analysis
Participants with TBI (n = 37) were compared to matched controls (n = 18) via a simple T-test procedure comparing the individual FA skeletons. Correction for multiple comparisons across voxels in the skeleton was achieved using the Threshold-Free Cluster Enhancement (TFCE) method available via FSL's randomise tool. This technique enables correction for multiple comparisons to p < 0.05 based on the number of voxels in a cluster without having to pre-specify a cluster-forming threshold [55] . We report only cross sectional findings that pass this correction for multiple comparisons. All 55 participants were also entered into a severity regression analysis, whereby FA was regressed against three indicator variables: mild, moderate, and severe TBI (controls serving as a reference group) to identify regions of significant change in FA as a function of injury severity.
Prediction modeling
For the 37 individuals with TBI, we then used linear mixed effects regression models to predict posttest outcome based on the following predictors: pretest outcome, age, time since injury, education, moderateTBI, severeTBI, and regional FA. Posttest outcome was either the HVLT delayed correct recall score or RBMT total standardized profile score at posttest 2 (i.e., one month after completion of therapy). Pretest outcome was the same outcome at pretest, age was the participant's age in years at the time of the MRI, education and time since injury were in years, and regional FA for each voxel was the FA value found at that point in the mean FA skeleton. ModerateTBI and severeTBI were again binary indicator variables ,marking whether a participant had sustained a moderate or severe injury, as determined from Glasgow Coma Scale and length of loss of consciousness data [59] . This model was fit voxel-by-voxel for both HVLT and RBMT. We focused on posttest 2 as our behavioral work has demonstrated the I-MEMS therapy provides significant and lasting improvements in memory function [41] , and we were most interested in predictors of lasting outcome. For each outcome, we also fit two additional models: one using only FA plus pretest score on the outcome variables as predictors, and one using FA alone to predict outcome. These were used to determine the potential influence of the other model predictors in the full model (e.g., collinearity relations such as masking, suppression and error inflation).
Standard neuroimaging data analysis packages (FSL, SPM, AFNI, others) only allow MRI measures to be a dependent variable, not an independent variable as we sought here. We thus performed our analysis using custom Python code (with the PypeR module) to deliver all demographic and FA data for a given voxel to the R statistics package (v2.11), compute the model in question, return and save the results in Python, and continue to the next voxel [61] . The resulting statistical maps on the FA skeleton were then corrected for multiple comparisons using AFNI's 3dClustSim program identify extent thresholds that met a false positive error rate of p < 0.05, using a voxelwise clustering-forming threshold of p < 0.002.
Results
Participant characterization and behavioral results
Injury characteristics for study participants appear in Tables 2 and 3 . Many of the brain injuries were remote (> 10 years), and over half were severe. The outcome measures at all three time points for TBI participants appear in Table 4 , along with the results of simple paired T-tests of posttest versus pretest scores. Per Table 4 , the 37 participants with TBI demonstrated significant improvements for both semantic memory (HVLT) and everyday memory function (RBMT) at posttest 1 and 2 (i.e., immediate and delayed time points), similar to our previous report [41] . Thus, outcomes were significantly improved by rehabilitation immediately after therapy, and these improvements were retained over the 1-month delay re-test interval.
TBI versus control FA
Results when comparing the skeletonized FA in our participants with TBI versus matched controls appear in Fig. 2 . First, the extent of disruption associated with TBI in our population was substantial, affecting most major tracts, and with regions being affected largely bilaterally as listed in Table 5 . Second, we did not identify any regions where participants with TBI had significantly higher FA than controls (p > 0.5 throughout the brain). Third, while many tracts with altered FA were quite symmetric, there was a bias towards left-sided fiber tract disruption in select areas: (i) multiple tracts superior to MNIz = +40 mm which includes the superior corpus callosum, corticospinal and corticopontine tracts, the superior corona radiata and the superior thalamic radiation, (ii) the sagittal stratum underlying the left superior temporal gyrus, (iii) the left posterior thalamic/optic radiation (underlying the left middle occipital and lingual gyri), (iv) the left superior cerebellar peduncle, and the (v) pontine crossing tract. Finally, the regions of significant FA reductions following TBI did not comprehensively cover the mean FA skeleton (116,832 voxels in all), but were instead restricted to approximately a third of the skeleton (38,577 voxels). As is evident in Fig. 2 , more superior and more lateral tracts were generally spared, including the superior longitudinal fasciculus, as well as much of the internal capsule, and the sagittal stratum (including the inferior longitudinal fasciculus and inferior fronto-occipital fasciculus, particularly on the right).
FA versus injury severity
In our analysis of injury severity, we identified no significant differences in FA for individuals with mild injuries (n = 10) relative to controls, four clusters of voxels with reduced FA for individuals with moderate injuries (n = 7), and 32 clusters of voxels for individuals with severe injuries (n = 20). Details on locations and cluster sizes appear in Table 6 .
When considering all voxels in the FA skeleton (not just those significantly different from controls), 28%, 33% and 20% of the differences were FA increases relative to controls for mild, moderate and severe subjects, respectively. Based on bionomial tests, this variation was significantly different both from a prediction of random changes (50% probability of FA increases), as well as from an assumption of exclusively FA reductions (0% probability of FA increases), p < 0.00001 for each severity.
Prediction of rehabilitation outcome
For prediction of rehabilitation outcome, we fit two primary models: one to predict HVLT-R outcome at posttest 2 and one to predict the RBMT-II outcome at posttest 2. These were fit at every voxel in the mean FA skeleton to identify regions of white matter that are predictive of outcome from our I-MEMS memory therapy. In each model, we found that (1) the pretest predictor (HVLT-R or RBMT-II) was significant at every voxel, as expected, (2) FA was a significant predictor in some voxels and not others, as elaborated below, and (3) none of the other model terms reached significance for predicting either HVLT or RBMT outcome from our I-MEMS therapy in more than isolated voxels. Recall that these other model terms included age, education, injury severity, and time since injury. For HVLT-R, and after correction for multiple comparisons, two symmetric regions exhibited significant rehabilitation outcome prediction based on FA: the left and right parahippocampal gyri (see Fig. 3A ), superior to the hippocampus proper with peaks at MNI coordinates [−23, 2, −12] and [26, −7 −11] , and peak T values of −5.1 and −4.9 respectively. Coefficients for the FA term in both regions were negative, implying that higher FA values were associated with lower HVLT scores at posttest 2, one month post-therapy (Fig. 3B) .
In Table 7 we show the results of the regression conducted at the peak value of the FA coefficient, which resided within the right parahippocampal region. The only significant predictors of outcome were pretest HVLT and the regional FA. Given the range of FA values observed in this voxel (0.512-0.158 = 0.355), the regression coefficient for FA explained a range of 0.355*25.2 = 8.9 points on the HVLT outcome. This was slightly larger than the range predicted by the pretest HVLT scores, which predicted a range of (12-0)*0.6 = 7.2 points in HVLT at posttest. While these quantitative details changed slightly at different voxels within the two identified clusters, the results remained qualitatively the same: FA and pretest HVLT scores were the only predictors of posttest HVLT at 1 month post-therapy. Coef. = regression coefficient; SE = standard error of the coefficient; CI-low = minimum value of the 95% confidence interval; CI-high = maximum value of the 95% confidence interval; T, p = T-score and associated p-value for this regression variable. For the RBMT-II outcome, again after correction for multiple comparisons, three frontally located regions were significantly predictive of RBMT outcome at posttest 2: (1) the right anterior region of the corona radiata (Fig. 4A) , the left anterior limb of the internal capsule (Fig. 4B) , and the rostral body of the corpus callosum (Fig. 4C) . As with the HVLT outcomes, all regression coefficients were negative, indicating that higher FA values in these regions were also associated with lower RBMT outcome scores.
In Table 8 we present the regression results for peak voxels in each of the three regions identified in Fig. 4 . Data for only FA and pretest RBMT are presented as the other terms were not significant predictors of outcome. Also similar to HVLT, the RBMT pretest scores predicted 6.8-8.5 points of change on the RBMT outcome in these three regions (given a pretest RBMT score range of 6-23) whereas the FA term predicted a slightly higher 7.2-14.1 points of change on the RBMT.
We further note that when comparing the FA reduction maps in Fig. 2 to the regions found predictive of rehabilitation outcome (Figs 3 and 4) , there was essentially no overlap. That is, there was no evidence of significant FA reductions relative to controls in any of the regions that provided predictive value for the two I-MEMS therapy outcome measures.
Finally, in our model checks, we computed prediction models using only FA as a predictor, and separate models using only FA and pretest score as predictors. In each case the coefficients on the FA predictors remained negative, strongly suggesting the negative signs on the regression parameters were not due to co-linearity problems such as suppression or masking. In addition, we did not identify any highly leveraged outliers based on Cook's distance assessment, indicat- ing that no individual data points had undue influence on the regression results. Finally, we re-ran the full models two additional times, first excluding individuals with mild injuries, and then (separately) excluding individuals with moderate injuries. Similar predictive regions were identified, and negative regression coefficients were obtained.
Discussion
We examined fractional anisotropy in participants with both chronic TBI and residual memory difficulties, along with a set of matched controls. We identified widespread reductions in FA associated with TBI, as has previously been found [7, 48] , as well as graded regional FA reductions associated with injury severity. We then identified distinct white matter regions that were predictive of outcome from a specific rehabilitation intervention, namely the I-MEMS intervention [41] . Regions with substantial predictive value were found both for an outcome closely related to the rehabilitation training (HVLT), as well as for a more functionally relevant outcome (RBMT). To our knowledge, this is the first report to use white matter integrity to predict outcomes from a particular rehabilitation intervention.
FA changes with TBI
The widespread reductions in FA associated with TBI ( Fig. 2) -including the fornix, thalamus, and corpus callosum -are consistent with numerous previous results [7, 48, 73, 74, 77] and with the notion that TBI is associated with widespread traumatic axonal injury and consequent neuronal degeneration. The substantial involvement of medial temporal lobe structures and connecting pathways is consistent with the memory difficulties observed in this group. The apparent left asymmetry of such FA reductions may be related to our group selection criteria. In particular, participants with TBI were included if they self-reported as having memory difficulties and such difficultly was also corroborated by a close friend or family member. The existence of memory difficulties was confirmed via neuropsychological testing. Neuropsychological testing as well as routine memory tasks are often based on verbal memory which is, in turn, strongly associated with left hemisphere function [15, 17, 50] . Hence, the leftward bias in FA reductions may reflect our inclusion criteria: individuals with residual memory impairment post-TBI may be more likely to have sustained white matter injury to the left hemisphere [19, 50] .
FA reductions as a function of injury severity
We found that progressively more and larger regions of significantly reduced FA were identified at greater injury severities from mild to moderate to severe. Thus, as with more typical structural neuroimaging for clinical purposes, significant changes in WM are less apparent in mild and moderate TBI than in severe TBI.
Prior reports, mostly conducted in participants with severe TBI, have suggested that the TAI consequent to TBI results in uniformly decreased FA [24, 29, 38] , similar to our findings. While it is possible that FA at the acute stage was also relatively uniformly decreased (we have no way of knowing in our group), FA for our chronic stage TBI participants revealed regional variation in the sign of the changes in FA consequent to injury. Binomial tests did not support the hypothesis of uniformly decreased FA, nor did it support the hypothesis of equal numbers of increases and decreases in FA. We consider this to indicate that the primary result of TAI is a reduction in FA, but that at least some ongoing neuroplastic changes occur that can regionally increase FA. In this way, we believe our findings provide limited support for the notion that structural remodeling, or neuroplasticity, may occur over the first several months or years post-injury [23, 51] . Further research needs to be done to thoroughly test this hypothesis.
Regional FA predicts rehabilitation outcome
The primary focus of our study along with our novel prediction analysis procedure identified bilateral WM adjacent to the hippocampus as predictive of HVLT outcome at one month post-therapy, and three distinct prefrontal cortical regions as predictive of RBMT outcome at the same time point. Considering HVLT first, given the hippocampus' well known role in learning and memory [11, 56] , it was expected that WM immediately adjacent to the hippocampus would exhibit a significant relationship with memory improvement following memory rehabilitation. Indeed, prior work has repeatedly demonstrated degeneration in the medial temporal lobe following TBI [9, 39] , as well as an association between hippocampal damage and TBI outcome [66] . Our own work with fMRI identified the hippocampus (along with the DLPFC and the posterior parietal cortex) as important to performance of HVLT-like memory tasks and which also exhibited decreased activity in individuals with TBI versus controls [58] .
Concerning RBMT, we had previously found that functional activation in the ventrolateral prefrontal cortex provided predictive value for I-MEMS rehabilitation outcome [59] . Via structural neuroimaging, we additionally identified gray matter volumes in the cingulate gyrus, areas adjacent to the predicted VLPFC and PPC regions, and the thalamus as predictive of rehabilitation outcome [60] . Here, we identified: (i) FA in the rostral body of the corpus callosum, which has previously been implicated in TBI memory function [28] , (ii) the anterior limb of the internal capsule which is connected with the thalamus and limbic system and is involved in attention to novel stimuli [40] , as well as (iii) the anterior corona radiate, which broadly innervates the prefrontal cortex, but is specifically implicated in difficulties with executive control [78] and cognitive conflict such as remembering numerous different types of items [40] . Jointly these regions span a variety of executive control capabilities required for proper memory functioning in a more realistic and functional context -as the RBMT is intended to emulate. Thus, the regions identified in both the HVLT and RBMT prediction models are consistent with the cognitive demands generated by the respective tests.
Although the regional distribution of our findings were reasonably consonant with what is known about cerebral connectivity, the sign of the findings -namely that higher FA values predicted lower posttest memory scores in each region in Figs 3 and 4 -was unexpected. Negative coefficients were found for both HVLT as well as RBMT prediction. Importantly, the sign of the prediction held up not only in regions involving lower FA (parahippocampal WM) where FA is harder to estimate accurately, but also in major pathways with relatively high FA (the body of the corpus callosum). It also held up when excluding mild or moderate TBI participants from the analysis, and even when excluding other terms in the models.
Generally speaking, a simple Wallerian-like degeneration process is expected to decrease FA rather than increase FA. In a simplistic model, therefore, one might assume that TBI leads to TAI of WM tracts and a concomitant reduction of FA. Larger reductions in FA should then mark areas of greater damage, and areas with more damage are in turn presumed to more seriously affect learning, memory, executive, attentional or other behavioral performance. Given this logic, higher FA should be associated with higher post-test scores, the opposite of what we found.
There is evidence, however, that this simple model may be incomplete. For example, Sidaros and colleagues [51] performed DTI in 30 individuals with severe TBI twice: at a mean of 8-weeks and again at 12-months post-injury. They identified several regions where FA significantly increased over this interval. An explanation based on microstructural reorganization was provided, possibly including axonal regrowth in later stages after severe TBI. Regrowth could also help explain the considerable improvement in patient functioning over this same 12-month time period. A case study by Han and colleagues also demonstrated decreased FA at 12 weeks but increased FA at 24 months post-injury, with concomitant behavioral recovery [23] . Thus, rather than being static, it appears that FA can evolve over time following a TBI, including post-injury increases in FA. Our patients were all greater than one year post-injury (nearly 14 years postinjury, on average) and hence one would expect reorganization or repair processes were well underway or complete at the time of DTI scanning. The chronic TBI stage we investigated may therefore involve a mix of progressive or completed FA decreases in some WM pathways, alongside progressive or completed FA increases in other pathways.
The structural factors affecting FA include but are not limited to myelination, axon diameter, axon density, ultrastructure, and gliosis [5] . In addition, FA can be affected by fiber composition (e.g., crossing fibers) and partial volume effects where voxels containing fiber tracts along with gray matter, vessels, or other tissue of substantially different anisotropy [3] . While the TBSS registration process greatly reduces the likelihood of partial volume effects, other structural changes are indeed possible. Even in a seemingly simple context where one would expect faster response times to be associated with higher FA (i.e., higher neural conduction velocities), the opposite has been found [65] . The question remains as to how higher FA might be associated with poorer memory performance following the I-MEMS rehabilitation intervention.
We propose three potential hypotheses. One possibility is that the pre-injury white matter connectivity in the identified regions differed across participants, and this pre-injury FA is somehow related to HVLT and RBMT scores following the I-MEMS intervention. This could include various pre-injury factors including learning disability, prior brain insults, or normal variation that might correlate with overall learning and executive capacity necessary for successful response to cognitive rehabilitation. Since our healthy controls did not participate in the intervention or post-tests, we cannot rule out this possibility with the current study.
A second hypothesis is that injury initially occurred at these sites, but that some non-adaptive physiological process occurred that also increased FA. Possibilities here are limited, including chronic cytotoxic edema (not likely), gliotic changes that also increased FA (not likely), or perhaps increased water content in the myelin [34] . In this case, a poorer rehabilitation outcome with higher FA would simply reflect the extent of initial injury in these WM regions that appear key for HVLT or RBMT testing.
A third hypothesis is that injury initially occurred in the identified (predictive) regions, but that this was followed by a maladaptive physiological process such as inappropriate axonal regrowth. Such neuroplasticity would need to be associated with increased FA yet provide either ineffectual restoration, or inhibitory influence over the damaged pathways as in interhemispheric competition in recovery after stroke. Ineffectual restoration could be manifest as a region that contained damaged crossing fiber pathways being replaced by a single pathway. This might occur, for example, if those with chronic TBI used counterproductive strategies to compensate for memory deficits and partially regenerated ineffective or competing neural pathways. Interhemispheric competition has in fact been suggested by increased ipsilateral fMRI activity or EEG responses to stimulation [20, 33, 37, 69] . Given that our identified regions have previously been suggested as important to the memory tasks used for outcome assessment, individuals with more maladaptation, and by this hypothesis higher FA, would thus suffer more interference and be less able to improve on the different types of tested memory functions using therapy-related strategies (internal rehearsal, elaboration and imagery). Differentiation of these hypotheses would require additional scanning time points, including comparable diffusion scans close to the time of injury.
Clinical importance of neurorehabilitation outcome predictions
Currently, it is difficult to custom-select rehabilitation interventions to treat the cognitive sequelae of TBI. Few studies provide guidance as to useful predictive factors, despite the cost and time required to implement and participate in such interventions. Identifying substantial and strong predictors or biomarkers for outcomes specific to particular domains of rehabilitation (i.e., memory vs. attention, physical vs. cognitive) could be quite beneficial. As with our previous neuroimaging findings, the prediction ranges afforded by FA rivaled those of pretest scores, even after accounting for variables such as pretest, age, and injury severity. This supports the notion that FA can indeed provide substantial added value for such predictions and hence may be clinically useful for predicting outcomes from specific rehabilitation interventions. It is presumed that the anatomical specificity provided by such measurements, and/or the sensitivity of such measurements to the underlying injury in TBI, as compared to radiological reports [8] , provides key information about the disruptions to functional brain networks. Such information may be lost when simply considering, for example, overall injury severity based on behavioral markers, or total lesion load. To make maximal use of such a strategy will ultimately require similar neuroimaging information for multiple rehabilitation interventions, thereby enabling informed selection of, e.g., the optimal rehabilitation strategy based on a given patient's individual pattern of brain injury. If our hypotheses of ineffectual or maladaptive regrowth are supported by future studies, this would suggest the importance of providing interventions earlier -before such counterproductive processes begin to interfere with further rehabilitation potential.
Study limitations
We included individuals with a wide range of injury severities, and hence subgroups may have exhibited different responses from our "average" prediction coefficients. Similarly, our sample was variably chronic, so the time since injury and rehabilitation histories differed across participants. This variability almost certainly contributed to reduced (rather than inflated) prediction sensitivity. However, the variability does help support our study's generalizability: among individuals post-TBI who present with memory difficulties, the ability to predict memory rehabilitation outcome remained strong in spite of such heterogeneity, and hence the findings may apply to a relatively broad clinical population. It is possible that our approach is less sensitive if applied exclusively in mild TBI, where neurostructural changes may be less evident. It remains an open question whether our approach would be suitable for individuals who are less than one-year post-TBI.
While the (nearly) automated TBSS approach can greatly aid in alignment of FA maps across individuals, particularly in those with structural injury, the method in no way guarantees that the FA skeleton will map precisely onto known tracts. Some immediately adjacent fiber bundles have highly disparate targets, yet their proximity results in a single "tract" in the FA skeleton. Localization of injury to a particular tract thus can be difficult without the use of tractography. Given the relatively thick slices and relatively few directions in our image acquisition and pilot analyses, we felt that fiber tracking would not be suitably reliable to pursue in this dataset. Overall, however, we believe that automated analysis support the potential clinical translation of the approach, by making analysis more feasible in larger groups and not requiring an expert neuroanatomist to read and highlight each scan.
Conclusions
We identified several specific regions in cerebral white matter that provided substantial predictive value for two different outcome measures following a memory rehabilitation intervention. While this represents only an early stage in predicting outcomes from specific cognitive interventions, and is specific to just one such intervention, the approach appears viable, and provides a benchmark with which to compare other neuroimaging (or neuropsychology or demographic) approaches to predicting rehabilitation outcomes. Since our study was conducted at the chronic stage, further work needs to be done to determine if more acute imaging provides better, worse or equivalent predictive value. However, if suitable outcome prediction can be achieved for this and other cognitive rehabilitation interventions, neuroimaging could eventually become a tool to help individuals with TBI and their caregivers more objectively select among candidate rehabilitation interventions based on post injury structural scans.
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